Dendrites are the primary sites on neurons for receiving and integrating inputs from their presynaptic partners. Defects in dendrite development perturb the formation of neural circuitry and impair information processing in the brain. Extracellular cues are important for shaping the dendritic morphogenesis, but the underlying molecular mechanisms are not well understood. In this study, we examined the role of ARMS (ankyrin repeat-rich membrane spanning protein), also known as Kidins220 (kinase D-interacting substrate of 220 kDa), previously identified as a downstream target of neurotrophin and ephrin receptors, in dendrite development. We report here that knockdown of ARMS/Kidins220 by in utero electroporation impairs dendritic branching in mouse cerebral cortex, and silencing of ARMS/Kidins220 in primary rat hippocampal neurons results in a significant decrease in the length, number, and complexity of the dendritic arbors. Overexpression of cell surface receptor tyrosine kinases, including TrkB and EphB2, in ARMS/Kidins220-deficient neurons can partially rescue the defective dendritic phenotype. More importantly, we show that PI3K (phosphoinositide-3-kinase)-and Akt-mediated signaling pathway is crucial for ARMS/Kidins220-dependent dendrite development. Furthermore, loss of ARMS/Kidins220 significantly reduced the clustering of EphB2 receptor signaling complex in neurons. Our results collectively suggest that ARMS/Kidins220 is a key player in organizing the signaling complex to transduce the extracellular stimuli to cellular responses during dendrite development.
Introduction
Precise establishment of neural circuits requires proper navigation of axons to their targets and elaboration of dendrites in target neurons to integrate multiple synaptic inputs. Dendrites serve as the primary sites on neurons for receiving information from their presynaptic partners, and the complexity of dendritic branching controls functional connectivity between neurons Jan, 2003, 2010) . Thus, defects in dendrite branching result in alteration of neural circuits and impairment in neural functions. Indeed, defective dendritic arborization has been reported to be associated with various neurodegenerative diseases (e.g., Alzheimer's disease) and psychiatric disorders (e.g., schizophrenia) (Broadbelt et al., 2002; Baloyannis, 2009; Emoto, 2011) . Dendrite development is guided by an intrinsic differentiation program that is modified by extrinsic cues (Miller and Kaplan, 2003) . For example, soluble factors, including brain-derived neurotrophic factor (BDNF) and other neurotrophins, as well as transmembrane ligands like ephrinB, regulate dendritic morphogenesis through their cell surface receptors in coordination with the signaling pathways triggered by neuronal activity (McAllister et al., 1995; Hoogenraad et al., 2005; Konur and Ghosh, 2005) . These cell surface receptors regulate the growth or maintenance of dendrites through modulation of Ras-MEK-MAPK and PI3K (phosphoinositide-3-kinase)-Akt-mTOR (mammalian target of rapamycin)-regulated protein translation pathways, CREBdependent gene transcription, and small Rho GTPase-mediated cytoskeletal reorganization (Dijkhuizen and Ghosh, 2005; Govek et al., 2005; Jaworski et al., 2005; Cheung et al., 2007; Finsterwald et al., 2010; Kwon et al., 2011) . Nonetheless, the molecular mechanisms that relay the signals from the cell surface receptors to intracellular effectors during dendrite development remain unclear.
Previously identified as a downstream target of neurotrophin and ephrin receptors, ankyrin repeat-rich membrane spanning protein (ARMS), also known as Kidins220 (kinase D-interacting substrate of 220 kDa), is a multidomain transmembrane protein that not only transduces signaling mediated by the receptor tyrosine kinase (RTK), but also regulates the stability of cytoskeletal network through a number of cytoskeleton-associated proteins, including Septin5, MAPs (microtubuleassociated proteins), and stathmin family members (Kong et al., 2001; Arévalo et al., 2004 Arévalo et al., , 2006 Chang et al., 2004; Luo et al., 2005; Higuero et al., 2010) . ARMS/ Kidins220 plays an important role in the development of the nervous system, such as promoting neurite outgrowth, maintaining dendritic spine stability, and modulating synaptic transmission (Arévalo et al., 2004 Ló pez-Menéndez et al., 2009; Wu et al., 2009; Sutachan et al., 2010; Wu et al., 2010) . In particular, reduced expression of ARMS/Kidins220 leads to a reduced dendritic branching in the barrel somatosensory cortex and dentate gyrus (Wu et al., 2009) .
In this study, we report that loss of ARMS/Kidins220 in hippocampal neurons significantly reduces the complexity of dendritic trees. Similar to its role in cultured neurons, ARMS/Kidins220 is critical for sculpting the dendritic arborization of layer II-IV pyramidal neurons in mouse cerebral cortex. The activation of PI3K signaling pathway restores the normal dendritic phenotype in ARMS/Kidins220-depleted neurons, suggesting that the RTK-PI3K signaling pathway plays a critical role in ARMS/ Kidins220-dependent dendritic morphogenesis. Together, our study reveals a novel mechanism by which ARMS/Kidins220 scaffolds the RTK signaling complex to shape the dendritic trees.
Materials and Methods
Animals. All animals, including rats and mice, were bred in the Animal and Plant Care Facility of The Hong Kong University of Science and Technology and were handled in accordance with the Animals (Control of Experiments) Ordinance of Hong Kong.
Antibodies and constructs. Antibodies against EphB2 and phosphorylated Ser522 of CRMP-2 were kindly provided by Professor Elena Pasquale at Sanford-Burnham Medical Research Institute (La Jolla, CA) and Professor Yoshio Goshima at Yokohama City University (Yokohama, Japan), respectively. GFP (polyclonal), GFP (monoclonal), MAP2, Cux1, and 4G10 antibodies were from MBL, Life Technologies, Sigma-Aldrich, Santa Cruz Biotechnology, and Millipore, respectively. ARMS/Kidins220 knock-down construct was generated by subcloning of the 64 bp fragment containing the shRNA target sequence into the pSUPER vector. The shRNA target sequence for rat ARMS/Kidins220 is 5Ј-GTCAATTGCTCCGACAAGT-3Ј.
Cell culture, transfection, and Western blot analysis. HEK 293T cells were maintained in DMEM with 10% fetal bovine serum and transfected with Lipofectamine and PLUS reagents according to the protocols from the manufacturer (Life Technologies). Primary hippocampal neurons were prepared from embryonic day 18 (E18) rat or transgenic mice and maintained in Neurobasal medium with 2% B27 supplement. Primary neurons were transfected using calcium phosphate method as previously described (Fu et al., 2007) . Knockdown of ARMS/Kidins220 expression by in utero electroporation was performed in E14 ICR mice and the neuronal morphology was examined at different postnatal stages (Ip et al., 2012) . ARMS/kidins220 transgenic mouse brains at E17 were collected for Western blot analysis. Except for the pregnant female mice used in the studies of in utero electroporation, all the experiments were performed with animals of either sex.
Confocal imaging and quantification. Images were captured by Olympus Fluoview300 or Fluoview1000 confocal microscopes with a 40ϫ or 60ϫ oil lens. The number and length of dendrites were quantified using ImageJ (National Institutes of Health) with NeuronJ plugin (Meijering et al., 2004) . Sholl analysis, which measures the number of intersections of neuronal dendrites crossing a series of concentric circles from the cell body, was performed using ImageJ embedded with Sholl Analysis plugin (A. Ghosh, University of California San Diego, La Jolla, CA). Twenty to 40 neurons from three independent experiments were measured.
Results

Knockdown of ARMS/Kidins220 leads to impairment in dendrite development at postnatal stages
Although ARMS/Kidins220 homozygous knock-out mice are embryonic lethal, defective phenotype of dendrites could be observed in the heterozygous mice, suggesting that ARMS/Kidins220 is involved in the refinement and stabilization of dendritic arbor (Wu et al., 2009 ). Interestingly, we observed aberrant upregulation of Ser522-phosphorylated microtubule regulator CRMP-2 (collapsin response mediator protein-2) in 
ARMS
ϩ/ Ϫ brains (Fig. 1A) . Since the phosphorylation status of CRMP-2 is critical for the proper dendrite organization (Yamashita et al., 2011) , our finding suggests that ARMS/ Kidins220 may regulate dendrite development through modulation of microtubule dynamics (Fig. 1 A) . To further elucidate the role of ARMS/Kidins220 in dendrite development in vivo, we silenced the expression of ARMS/Kidins220 in mouse neocortex at E14 by in utero electroporation. Knockdown efficiency of the shRNA against ARMS/Kidins220 (ARMS shRNA) was confirmed in primary cortical neurons (Fig. 1B) . Whereas essentially all of the neurons (ϳ97% of GFP ϩ cells) were able to migrate to the upper cortical plate (layers II-IV) of the control mouse brains at postnatal day 4 (P4), knockdown of ARMS/Kidins220 led to a disruption of radial migration (with ϳ42% of the ARMS/Kidins220-deficient neurons trapped in layers V-VI and white matter; Fig. 1C,D) , suggesting that ARMS/Kidins220 is involved in neuronal migration. The migration defect was also observed at different developmental stages (i.e., P1 and P20; data not shown). The neurons in layers II-IV of the control brains extended an obvious apical dendrite from the soma with multiple short dendrites at P4, and the dendritic complexity increased upon development, characterized by pyramidal-like morphology with a long apical dendrite and multiple basal dendrites at P20 (Fig. 1E,F) . Intriguingly, for those ARMS/Kidins220-deficient neurons that were able to reach the layer II-IV, they displayed significantly reduced dendritic complexity. The ARMS/Kidins220-deficient neurons had a poorly branched dendritic arbor, with a simplification of basal dendrites, while the apical dendrites were not significantly affected ( Fig.  1 E, F ) . Both the number of dendrites and total dendrite length were decreased in the ARMS/Kidins220 knock-down neurons (Fig. 1G,H ) . This result strongly suggests that ARMS/Kidins220 is important for dendrite development in vivo.
ARMS/Kidins220 is required for dendrite arborization in hippocampal neurons
To investigate how ARMS/Kidins220 shapes neuronal dendrites, we used cultured hippocampal neurons, a well established model system for investigating neuronal differentiation (Dotti et al., 1988) . The expression of ARMS/Kidins220 was silenced in hippocampal neurons by expressing the ARMS shRNA at 3 days in vitro (3 DIV) and 7 DIV, and the neuronal morphology was examined at 7 and 14 DIV, respectively ( Fig.  2A,B) . Sholl analysis revealed that knockdown of ARMS/Kidins220 significantly reduces the complexity of the dendritic trees (Fig. 2C,D) . Unlike the control neurons, which have the peak number of intersections at 50 -70 m from the cell body at 14 DIV, the maximal number of intersections in ARMS/Kidins220 knock-down neurons shifted to 20 -30 m from the cell body, indicating a critical role of ARMS/Kidins220 in shaping the dendritic arbor (Fig. 2D) . Both the number of dendrites and their average length also reduced significantly in these ARMS/Kidins22-knock-down neurons (Fig. 2E,F) . The reduction of dendrite number in ARMS/ Kidins220-deficient neurons could be observed since early developmental stages (e.g., at 7 DIV); however, the decrease in dendrite length was not obvious until the neurons become mature (Fig.  2E,F) . The effect of ARMS/Kidins220 deficiency on reducing dendritic tree complexity was further confirmed by staining the ARMS/ Kidins220-depleted neurons with the dendritic marker protein MAP2 (Fig. 2G,H) . Furthermore, we cultured hippocampal neurons from the wild-type (WT) and ARMS ϩ/ Ϫ mice, and examined the dendrite morphology of individual neurons at 14 DIV by staining with MAP2. Compared with the wild-type control, ARMS ϩ/ Ϫ Figure 2 . ARMS/Kidins220 is required for dendrite development in hippocampal neurons. A, Hippocampal neurons were transfected with pSUPER vector and ARMS shRNA at 3 DIV, and neuronal morphology was examined at 7 DIV (DIV 3 ϩ 4). Scale bar, 50 m. B, ARMS/Kidins220 was knocked down at 7 DIV, and the morphology of dendritic trees was investigated at 14 DIV (DIV 7 ϩ 7). Scale bar, 50 m. C, D, Sholl analysis of neurons transfected with pSUPER vector and ARMS shRNA shown in A and B, respectively. E, F, Measurement of dendrite number and length of ARMS/Kidins220 knock-down neurons at different stages. **p Ͻ 0.005, Student's t test. G, Hippocampal neurons transfected with pSUPER vector and ARMS shRNA (DIV 7 ϩ 7) were stained with the dendritic marker MAP2. Scale bar, 50 m. H, Sholl analysis of transfected neurons in G. I, Hippocampal neurons from wild-type and ARMS ϩ/ Ϫ mice cultured at low density were stained with MAP2 antibody. The dendrite morphology of individual neurons was examined. Scale bar, 50 m. J, Sholl analysis of neurons in I. (Fig. 2I,J) . These results collectively suggest that ARMS/Kidins220 functions as a critical regulator in the development of neuronal dendrites.
PI3K/Akt pathway is required for ARMS/Kidins220-dependent dendrite development
It has been shown that PI3K and its downstream effector Akt transduce dendritepromoting signals from the cell surface receptors to the protein translation machinery and cytoskeleton (Jaworski et al., 2005) . Thus, we investigate whether PI3K and Akt are required for the ARMS/Kidins220-dependent dendrite development. While expression of the wild-type p110 catalytic subunit of PI3K did not significantly affect the dendritic trees in ARMS/Kidins220-deficient neurons, expression of the constitutively active form of PI3K (PI3K CA) increased the number of dendrites significantly (Fig. 3A-C) . To further elucidate the role of PI3K in ARMS/Kidins220-regulated dendrite development, we expressed the PI3K CA in ARMS ϩ/ Ϫ neurons and found that activation of PI3K signaling fully restores the dendritic arbors in the ARMS/ Kidins220-deficient neurons (Fig. 3D,E) . Similarly, ARMS/Kidins220-deficient neurons overexpressing constitutively active Akt exhibited a significant improvement in dendritic complexity (Fig. 3F-H ). In contrast, stimulating the MAPK pathway by overexpressing constitutively active MEK1 was unable to restore the dendritic trees in the ARMS/Kidins220 knock-down neurons (data not shown). Therefore, our results support that ARMS/Kidins220 regulates dendrite development through PI3K/Aktmediated signaling pathway. ARMS/Kidins220 regulates dendrite development through neurotrophin and ephrin receptors ARMS/Kidins220 is tyrosine phosphorylated by the cell surface receptors TrkB and EphB (Kong et al., 2001) . Considering the importance of these two receptors in activating PI3K/Akt signaling and promoting dendrite development (Delcroix et al., 2003; Hoogenraad et al., 2005; Jaworski et al., 2005; Pasquale, 2005) , we investigated whether ARMS/Kidins220 regulates dendrite development through modulating the signaling pathways mediated by these cell surface receptors. Interestingly, we found that overexpression of TrkB, the receptor for BDNF, increased the number and length of dendrites in ARMS/Kidins220 knock-down neurons (Fig. 4 A-C) , although the rescue was not complete. However, overexpressing BDNF, which has been shown to promote dendritic growth, did not obviously increase the dendritic complexity in ARMS/ Kidins220-deficient neurons, suggesting that the dendritic defect does not result from the lack of BDNF (Fig. 4 A-C) . We further confirmed that the protein level of BDNF is not altered in ARMS/ Kidins220 knock-down neurons (125.3 Ϯ 7.5% of control; p Ͻ 0.005, Student's t test), whereas the BDNF-induced clustering of TrkB was significantly reduced in these knock-down neurons (number: 61.9 Ϯ 11.8% of control, p Ͻ 0.05; area: 74.2 Ϯ 7.2% of control, p Ͻ 0.05; intensity: 70.0 Ϯ 8.1% of control, p Ͻ 0.05; Student's t test).
On the other hand, when EphB2, the receptor for ephrin ligands, was overexpressed in ARMS/Kidins220-deficient neurons, the reduction in the dendrite number and length in the deficient neurons was partially rescued, characterized by an increase in the complexity of dendritic trees (Fig. 4 D-F ). In contrast, EphA4, another member of the Eph receptor family that also physically interacts with ARMS/Kidins220, was not able to exhibit a similar rescue effect (Fig. 4 D-F ) , indicating the specificity of EphB2 in ARMS/Kidins220-dependent dendrite development. To further understand the mechanism by which ARMS/Kidins220 regulates EphB2 signaling, we examined whether ARMS/Kidins220 regulates the phosphorylation and clustering of EphB2 receptor, two critical aspects for activation of the EphB2 signaling (Egea et al., 2005) . We found that the ligand-induced phosphorylation of EphB2 was comparable in neurons prepared from brains of ARMS ϩ/ Ϫ mice and wild-type controls (Fig. 4G) . However, a prominent reduction in the number (82.4 Ϯ 5.2% of control, p Ͻ 0.005), size (79.7 Ϯ 4.0% of control, p Ͻ 0.005), and intensity (78.5 Ϯ 5.2% of control, p Ͻ 0.005; Student's t test) of ligand-induced EphB2 clusters was observed in ARMS/Kidins220-deficient neurons (Fig. 4 H) (data not shown). These findings suggest that ARMS/Kidins220 is crucial for organizing the EphB2-containing signaling complex in regulating dendritic growth and stabilization.
Discussion
A central question in neuroscience is how neuronal networks are formed. It is therefore important to elucidate the mechanisms that underlie the precise regulation of neuronal structures. We report here that ARMS/Kidins220 is a key regulator of dendrite development, the primary structure for the establishment of neuronal circuit. More importantly, we provide evidence that the RTK signaling pathways mediated by neurotrophin and ephrin receptors are involved in ARMS/Kidins220-dependent dendrite development.
Changes of neuronal structures are achieved through the regulation of cytoskeleton. A plethora of molecules have been shown to regulate the stability of actin and microtubule networks under the control of cell surface neurotrophin and ephrin receptors during dendrite morphogenesis, such as PI3K, MAPK, Rac1, and Pak1 (Delcroix et al., 2003; Miller and Kaplan, 2003; Pasquale, 2005) . Although PI3K and MAPK are both required for dendrite development, the activation of PI3K alone, but not MAPK, is sufficient to promote dendrite formation (Dijkhuizen and Ghosh, 2005) . The failure of MAPK signaling to rescue the dendritic branching in ARMS/Kidins220-deficient neurons is consistent with the notion that loss of ARMS/Kidins220 impairs the PI3K-mediated dendrite formation. PI3K signaling enhances the growth of dendrites either through the regulation of cytoskeleton stability or protein synthesis. CRMP-2 is a downstream effector of PI3K and Akt that facilitates the microtubule assembly and stabilization, whose activity is tightly regulated in dendrite development (Fukata et al., 2002; Lin et al., 2011) . The prominent reduction of CRMP-2 activity (because of enhanced phosphorylation at Ser522) in 
